Background: Development of new therapeutic approaches for Alzheimer disease (AD) is crucial. Results: A recombinant enzyme engineered to cross the blood-brain barrier treats the accumulation of A␤ in a mouse model. Conclusion: This study shows a therapy can improve the symptoms of AD while also increasing the population of new neurons. Significance: The enzyme could be delivered weekly or even monthly to patients.
neprilysin enzyme to the CNS. We recently developed a neprilysin containing a brain-transport peptide that was able to reduce CNS A␤ and improve learning and memory in the APPtg mouse (14) . This therapy was delivered by viral vectormediated gene delivery to the liver such that the liver acted as depot organ for production and secretion of the brain-targeted neprilysin protein. For this report, we developed cell lines to produce the recombinant brain-targeted neprilysin, allowing us to examine the pharmacokinetics and pharmacodynamics of i.v. delivery of recombinant brain-targeted neprilysin protein.
The recombinant brain-targeted neprilysin allowed us to examine the pharmacokinetics of intravenous delivery in a mouse. We found the brain-targeted protein was transported across the blood-brain barrier and accumulated in the brain with a t1 ⁄ 2 of 24 h. Treatment of two different APPtg mouse models of AD by repeated injections resulted in reduced intraneuronal A␤, and ameliorating A␤ induced neuropathology. In addition, mice treated with the brain-targeted neprilysin showed increased levels of C-terminal NPY fragments as well as increased neurogenesis. Furthermore, the brain-targeted neprilysin-treated APPtg mice showed improvements in learning and memory in the water maze. We believe these results are consistent with a potentially viable new therapeutic for AD.
EXPERIMENTAL PROCEDURES
Protein Expression in Human Fibroblasts-To construct clonal recombinant cell lines, adherent human fibroblast 293T cells were transfected with a vector expressing either ApoBSecNep or the control SecNep cDNA described previously (14) . Cells were selected for transfection by continuous application of Zeocin (400 g/ml) for 2 weeks. Individual clones were picked and grown in selection media before screening for protein expression, secretion, and enzyme activity. ASN12 represented the best clone expressing ApoBSecNep, and SN5 represented the best clone expressing SecNep. Clones were propagated in DMEM supplemented with 10% FBS and 100 g/ml Zeocin.
Purification of Recombinant Protein-Large scale production of recombinant ASN12 and SN5 was conducted by Biologics Process Development (Poway, CA). Briefly, clonal cell lines were grown in batch culture roller bottles containing DMEM ϩ 10% FBS for 96 h. Cultured media were handled with low endotoxin procedure. Media were filtered with a 0.45 M cellulose acetate filter and then dialyzed with 20 mM Tris, pH 7.5, overnight. The dialyzed media were applied to a 5-ml HiTrap Q FF column (GE Healthcare), washed, and eluted with 1 M NaCl, 20 mM Tris, pH 7.5.
Pooled fractions of SN5 were then applied to an 8-ml FLAG affinity column (Sigma) in 150 mM NaCl, 50 mM Tris, pH 7.5. Recombinant SN5 was eluted with 0.1 M glycine, pH 3.5, and immediately neutralized with 1 M Tris, pH 9.0.
Pooled fractions of ASN12 were applied to a 1-ml HiTrap Blue HP column (GE Healthcare), which bound residual serum. The flow-through containing ASN12 was applied to a 1-ml HiTrap Q HP column (GE Healthcare) in 20 mM Tris, pH 7.5. Protein was eluted with 1 M NaCl, 20 mM Tris, pH 7.5.
Pooled fractions containing ASN12 or SN5 were pooled, dialyzed with 20 mM Tris, pH 7.5, overnight, and filtered with a 0.2-m filter. Endotoxin was measured (Pierce) at Ͻ20 endotoxin units/mg for both proteins.
NEP ELISA-An electrochemiluminescence ELISA-based assay for human neprilysin was generated from the MSD ELISA conversion kit (MesoScale Discovery). Briefly, goat anti-human neprilysin (R&D Systems, 100 ng/well) was coated onto 96-well MSD plates overnight at 4°C. Prior to testing, blood was diluted 1:5 with PBS. Tissue samples were tested at 100 g/well. Samples were added to the wells and incubated at room temperature for 2 h with shaking, and then a biotinylated anti-human neprilysin (R&D Systems, 1 g/ml) antibody was used for detection of the recombinant protein. Following this, samples were incubated with streptavidin linked Sulfo-Tag (MSD), and plates were read on an MSD-7500 plate reader. Standards included recombinant human neprilysin ranging from 1 pg to 1 g.
Neprilysin Activity Assay-The proteolytic activity of NEP was measured as described previously (19) using the substrate 3-dansyl-D-Ala-Gly-p-(nitro)-Phe-Gly (DAGNPG; Sigma). Cell lysate was incubated with 50 M DAGNPG and 1 M captopril (to inhibit ACE cleavage of DAGNPG) in a volume of 200 l at 37°C. Reactions were stopped by heating samples to 100°C for 5 min and then centrifuging. The supernatant was diluted into 50 mM Tris, pH 7.4, and fluorescence was determined using a Victor2 multilabel plate reader (excitation 342 nm; emission 562 nm).
In Vitro Assays-Uptake of recombinant protein was tested in adherent HepG2 human hepatocellular cells. Cells were plated in 12-well tissue culture dishes for 48 h in complete media and then switched to serum-reduced media consisting of DMEM ϩ 0.5% FBS. 24 h after incubation in serum-starved media, cells were washed once with PBS and then treated with ASN12, SN5, or saline control for 4 h at 37°C. Cells were then washed three times with ice-cold PBS and lysed with RIPA buffer (14) containing protease inhibitors (Roche Applied Science). Protein concentration was assessed by Bradford colorimetric assay, and recombinant protein was measured by the MSD ELISA described above.
In vitro rat blood brain cultures were grown according to the manufacturer's directions (PharmaCo Cell). Prior to treatment with the test proteins, trans-endothelial electrical resistance (TEER) was measured to verify the integrity of the barrier. All wells had a TEER measurement of Ͼ250 megohms/cm 2 .
To determine the rate of transport, 1 g of protein (ASN12, SN5, or GCmB6) was added to the blood side (insert) of the culture, and then media were sampled at various time points from the brain side (well). Samples were assayed with a human neprilysin-specific MSD ELISA along with a standard curve.
To test for autoantibodies that may have developed in the mouse against the recombinant protein, Western blots were run with recombinant ASN12 (1 g) and then probed with whole blood from mice. Briefly, ASN12 recombinant protein was run on a 4 -12% BisTris-PAGE and then blotted to PVDF. Blots were probed with whole blood samples from mice diluted 1:500 in PBS. Secondary antibody consisted of anti-mouse HRP, and blots were analyzed with Lumiphos on a Bio-Rad VersaDoc CCD camera. A positive control was performed with mouse monoclonal anti-neprilysin (R&D Systems).
Pharmacokinetics-To determine the pharmacokinetics of the ASN12 and SN5 proteins in vivo, 5-6-week-old female C57/Bl6 mice were purchased from The Jackson Laboratory and housed for a minimum of 48 h prior to injection. Mice received a single intravenous injection of 1 mg/kg ASN12, SN5, or saline in a volume of 100 l. Three mice were used for each time point for ASN12, SN5, and saline control. At time points ranging from 15 min to 48 h after injection, heparinized blood was sampled from the mandibular joint. Mice were sacrificed by cervical dislocation, and brains and peripheral tissues were removed and divided sagitally. The right hemibrain was postfixed in phosphate-buffered 4% PFA, pH 7.4, at 4°C for 48 h for immunohistological analysis, whereas the left hemibrain was snap-frozen and stored at Ϫ70°C for subsequent protein analysis. Tissues were homogenized as described previously in RIPA buffer containing protease inhibitors (Roche Applied Science) (14) . Fixed brains were sectioned on a sliding microtome (40 m) prior to staining as described previously (20) .
Transgenic Animals-Two separate APPtg mouse lines were used in the course of this project. The APPtg tg2576 mouse was purchased from Taconic. These mice express the human APP Swedish mutation (APP695 gene containing the double mutation K670N/M671L) using the hamster prion promoter (21) . 11-12-week-old female transgenic and nontransgenic littermate mice were intravenously injected in the tail vein with 1 mg/kg dose of ASN12, SN5, or saline in a 100-l volume every 72 h for a total of 3 weeks. Five transgenic and nontransgenic mice each were used for ASN12, SN5, and saline injection. Mice were weighed prior to the start of the experiment and every week during the experiment. At the conclusion of the experiment, heparinized blood was sampled from the mandibular joint. Mice were sacrificed by cervical dislocation, and brains and peripheral tissues were removed and divided sagitally. The right hemibrain was post-fixed in phosphate-buffered 4% PFA, pH 7.4, at 4°C for 48 h for immunohistological analysis, whereas the left hemibrain was snap-frozen and stored at Ϫ70°C for subsequent protein analysis. Tissues were homogenized as described previously in RIPA buffer containing protease inhibitors (Roche Applied Science) (14) . Fixed brains were sectioned on a sliding microtome (40 m) prior to staining as described previously (20) .
The second mouse line used for the project was the Line 41 APPtg mouse developed by Eliezer Masliah at the University of California (22, 23) . The mice express the express the human APP751 under the control of the mThy-1 promoter. The 6-month-old male transgenic and nontransgenic littermate mice received intraperitoneal injections twice weekly for a total of 3 weeks. The five transgenic and nontransgenic mice each were used for ASN12, SN5, and saline injection. At the conclusion of the dosing, mice were examined by the Morris water maze, and then heparinized blood was sampled from mandibular joint. Mice were anesthetized with chloral hydrate and flush-perfused transcardially with 0.9% saline. Brains and peripheral tissues were removed and divided sagitally. The right hemibrain was post-fixed in phosphate-buffered 4% PFA, pH 7.4, at 4°C for 48 h for immunohistological analysis, and the left hemibrain was snap-frozen and stored at Ϫ70°C for subsequent protein analysis. Tissues were homogenized as described previously in RIPA buffer containing protease inhibitors (Roche Applied Science) (14) . Fixed brains were sections on a vibratome (40 m) prior to staining as described previously (14) .
Analysis of A␤ by Immunocytochemistry-To evaluate neuronal A␤, sections were immunolabeled with the mouse monoclonal antibody against A␤ (clone 4G8; Senetek or clone 82E1; IBL International) followed by incubation with secondary biotinylated anti-mouse IgG and then Avidin biotin complex and 3,3Ј-diaminobutyric acid. Alternatively, sections were immunolabeled with the mouse monoclonal antibody against the pyroglutamate modified A␤ (clone D129; Affiris AG) followed by incubation with secondary FITC-conjugated anti-mouse (24) . Sections were transferred to SuperFrost slides (Fisher) and mounted under glass coverslips with anti-fading media (Vector Laboratories) (14) . All sections were processed under the same standardized conditions. Three immunolabeled sections were analyzed per mouse, and the average of individual measurements was used to calculate group means.
Analysis of NEP Expression, Double Immunolabeling, and Neurodegeneration-To verify the expression levels of NEP, sections were immunolabeled with a monoclonal antibody against NEP (Abcam) and detected with Alexa-conjugated secondary antibodies (Invitrogen). To evaluate the co-localization of NEP, double immunocytochemical analysis was performed as described previously (25) . For this purpose, sections were immunolabeled with a monoclonal antibody against NEP (Abcam), detected with the Tyramide Signal Amplification (Invitrogen), and the mouse monoclonal antibodies against MAP2 (Millipore), NeuN (Millipore), or glial fibrillary acidic protein (GFAP, astroglial marker, Invitrogen). All sections were processed simultaneously under the same conditions, and experiments were performed twice to assess reproducibility. Sections were imaged with a Zeiss 63ϫ (N.A. 1.4) objective on an Axiovert 35 microscope (Zeiss) with an attached MRC1024 LSCM system (Bio-Rad) (25) . To confirm the specificity of primary antibodies, control experiments were performed where sections were incubated overnight in the absence of primary antibody (deleted) or preimmune serum and primary antibody alone.
To determine whether the neprilysin protein delivery ameliorated the neurodegenerative alterations in the APPtg mice, blind-coded sections from mouse brains were immunolabeled with the mouse monoclonal antibodies against microtubuleassociated protein-2 (MAP2, dendritic marker, Invitrogen) or GFAP (astroglial marker, Invitrogen) (26) . After overnight incubation, labeled sections were incubated with FITC-conjugated horse anti-mouse IgG secondary antibody (Vector Laboratories), transferred to SuperFrost slides (Fisher), and mounted under glass coverslips with anti-fading media (Vector Laboratories). GFAP-labeled sections were incubated with biotinylated secondary antibody and reacted with diaminobenzidine.
The integrity of the neuronal structure was evaluated as described previously (23, 27) ; briefly, blind-coded sections from mouse brains were immunolabeled with the mouse monoclonal antibodies against synaptophysin (Millipore) and detected with the tyramide signal amplification (Invitrogen). After staining, sections were transferred to SuperFrost slides (Fisher) and mounted under glass coverslips with anti-fading media (Vector Laboratories). All sections were processed under the same standardized conditions. The immunolabeled blind-coded sections were serially imaged with Zeiss and analyzed with the Image 1.43 program (National Institutes of Health), as described previously (26) . For each mouse, a total of three sections were analyzed, and for each section, four fields in the frontal cortex and hippocampus were examined.
Additional immunohistochemistry was performed with antibodies against DCX (Santa Cruz Biotechnology, goat polyclonal), PCNA (Santa Cruz Biotechnology, mouse monoclonal), full-length NPY (Bachem, rabbit polyclonal), C-terminal NPY (CT-NPY, Invitrogen, rabbit polyclonal (13)), and NPY Y2 receptor (Y2-R, Novus Biologics, rabbit polyclonal). Following incubation with primary antibodies, sections were incubated with appropriate biotinylated conjugated secondary antibodies, followed by ABC and DAB. Sections were transferred to Super-Frost slides (Fisher) and mounted under glass coverslips with anti-fading media (Vector Laboratories). All sections were processed under the same standardized conditions. For purposes of cell quantitation, morphometric optical dissector analysis was performed as described previously (28) .
Water Maze Testing-As described previously (27) to evaluate the functional effects of treatment in mice, groups of APPtg and non-tg animals were tested in the water maze. For this purpose, a pool (diameter 180 cm) was filled with opaque water (24°C), and mice were first trained to locate a visible platform (days 1-3) and then a submerged hidden platform (days 4 -7) in three daily trials 2-3 min apart. Mice that failed to find the hidden platform within 90 s were placed on it for 30 s. The same platform location was used for all sessions and all mice. The starting point at which each mouse was placed into the water was changed randomly between two alternative entry points located at a similar distance from the platform. Time to reach the platform (latency) and percentage of time in the target quadrant were recorded with a Noldus Instruments EthoVision video tracking system (San Diego Instruments) set to analyze two samples/s.
Statistical Analyses-Analyses were carried out with the Excel program (Microsoft Corp.). Differences among means were assessed by one-way ANOVA. All values in the figures are expressed as means Ϯ S.D. Comparisons between two groups were done with the unpaired two-tailed Student's t test, and the null hypothesis was rejected at the 0.05 level.
RESULTS
ASN12 Protein Purification-Previously, we showed that delivery of the ApoBSecNep gene by lentivirus vector injection was able to reduce A␤ accumulation and restore synaptic density in APPtg mice. To develop a more clinically amenable approach, we constructed recombinant cell lines to express and secrete the previously described ApoBSecNep protein or the control SecNep protein (14) . Human fibroblast 293T cells were transfected with plasmids expressing either ApoBSecNep or SecNep, and positive clones were selected by addition of the selection agent Zeocin. Individual clones were examined for expression of active neprilysin enzyme. The clone ASN12 expressed an active ApoBSecNep, and clone SN5 expressed an active SecNep protein. Both clones secreted ϳ10 mg/liter of recombinant protein. Protein was purified as described under "Experimental Procedures" and analyzed by Coomassiestained gel for impurities ( Fig. 1A) . A similar gel was run alongside with a recombinant human neprilysin and was probed with the anti-human neprilysin antibody resulting in a single band at the appropriate ϳ100-kDa size (Fig. 1A) . Functional assay measurement of the purified recombinant protein showed SN5 had activity similar to commercially purchased recombinant neprilysin enzyme activity/g (Fig. 1B) . In contrast, the ASN12 FIGURE 1. Purified ASN12 is taken up and transported by the LDL receptor. A, ASN12 and SN5 were affinity column-purified. Recombinant protein was analyzed by Coomassie-stained polyacrylamide gel. M, marker; RFU, relative fluorescence units. B, recombinant protein was assayed for enzymatic activity with the DAGNP substrate. C, dose response of ASN12 and SN5 protein uptake by serum-starved HepG2 cells. D, diagram of the blood-brain barrier, and E, in vitro system used to examine the rate of protein transport at the blood-brain barrier. F, rates of blood-brain barrier transcytosis of ASN12 and SN5 were calculated with the in vitro blood-brain barrier system. Competition for transport was determined with the LDLR binding GCmB6 recombinant protein.
protein showed ϳ75% of the recombinant neprilysin activity (Fig. 1B) . This is similar to results observed with protein activity from the original lentivirus vector (14) and probably represents some loss of activity with the addition of the 38-amino acid apoB LDLR binding domain to the N terminus of the protein.
Addition of thiorphan, a specific inhibitor of neprilysin, to the reaction blocked activity of both SN5 and ASN12 enzymatic activity. The purified SN5 and ASN12 proteins were used for all future in vitro and in vivo analyses.
ASN12 Receptor-mediated Uptake and Transport-To examine the selective uptake of the ASN12 protein, serumstarved HepG2 cells were used as a surrogate of LDLR-expressing cells. Serum/lipid starvation up-regulates the cell surface expression of LDLR thus increasing the uptake of apolipoprotein-binding proteins (29) . HepG2 cells were incubated with increasing concentrations of ASN12 or SN5 for 4 h and then were assayed for internalized neprilysin (Fig. 1C ). The ASN12 protein was specifically taken up by HepG2 cells following a 4-h incubation in a dose-dependent manner. In contrast, the control SN5 protein was not taken up by the cells.
To examine the kinetics of transport of the ASN12 protein, an in vitro cell culture system designed to approximate the blood-brain barrier was used ( Fig. 1, D and E) . Cells were grown until TEER measurements reached Ͼ250 megohms/cm 2 . Recombinant ASN12 (1 g) or SN5 (1 g) was added to the "blood" side of the culture system. At various times, the "brain" side of the culture was sampled and analyzed with the neprilysin ELISA. ASN12 displayed a linear first-order kinetics transport rate across the in vitro blood-brain barrier at 3.5 ng/min (Fig. 1F ). This contrasted to the control neprilysin lacking the brain targeting peptide (SN5), which did not cross the bloodbrain barrier at any appreciable rate. Competition with equal molar amounts of another brain-targeted protein, GCmB6 (glucocerebrosidase fused to the same 38-amino acid LDLR binding domain of apoB (20) ), reduced the rate of transport of the ASN12 protein to 1.9 ng/min as would be expected if they were competing for the same receptor/transport mechanism ( Fig. 1F ).
ASN12 Protein Pharmacokinetics in a Mouse-To determine the pharmacokinetics of the ASN12 and SN5 proteins in vivo, 5-6-week-old female C57/Bl6 mice received a single intravenous injection of 1 mg/kg ASN12 or SN5. At time points ranging from 15 min to 48 h after injection, whole blood, brain, and liver were examined for accumulation of the recombinant human neprilysin protein.
Analysis of whole heparinized blood with a human neprilysin-specific ELISA showed an initial peak of 1.2 to 1.5 g/ml recombinant protein in the blood. This concentration diminished over time with a t1 ⁄ 2 of ϳ7.5 h ( Fig. 2A and Table 1 ). The concentration at 24 h was 131 ng/ml of SN5 and 41 ng/ml of ASN12. Similarly, an initial peak of recombinant protein was observed in the whole liver homogenates at the earliest time point analyzed (15 min) ( Fig. 2B and Table 1 ). Accumulation of neprilysin peaked with ϳ470 ng/mg tissue in the liver with a FIGURE 2. Pharmacokinetics of ASN12 and SN5 in C57/Bl6 mice. C57/Bl6 mice received 1 mg/kg recombinant ASN12 or SN5 in a 100-l volume or 100 l of saline as a control by intravenous delivery to the tail vein. A, at various times after injection, mice were sacrificed and blood (A), liver (B), and brain (C) were sampled for recombinant human neprilysin with an ELISA. n ϭ 3 for each group. D, fixed brains (frontal cortex) were sectioned and stained for recombinant human neprilysin followed by anti-mouse Alexa488 (green) and counterstained with DAPI (nuclei, blue). Scale bars ϭ 25 m. rapid reduction over time. The t1 ⁄ 2 for SN5 was 7.0 h; however, the t1 ⁄ 2 for ASN12 was only 3.0 h. Analysis of whole brain homogenates by ELISA showed an initial peak of recombinant protein at the earliest time point examined (15 min) ( Fig. 2C and Table 1 ). This may reflect circulating recombinant protein, as the brain was not perfused prior to analysis. By 6 h, we observed a significant reduction in SN5 in the brain with protein detected at 24 h post-injection at the lower limit of our assay. In contrast, ASN12 was detectable at 24 h (210 pg/mg) and at 48 h (140 pg/mg). At 24 h ϳ1.7% of the injected dose had accumulated in the brain (Table 1) .
To determine whether these levels of recombinant protein were relevant, we analyzed human neprilysin levels in human cortical brain homogenates. Levels of neprilysin were measured at 200 pg/mg in human tissues indicating that we were obtaining endogenous levels of neprilysin 24 and 48 h after intravenous injection in the mouse (data not shown).
The ELISA results for recombinant neprilysin were confirmed by immunohistochemistry of sectioned mouse brains. SN5 was observed in the frontal cortex of mice 30 min after injection; however, this protein was confined to vessel-like structures, and protein was not observed in the neuropil beyond 4 h (Fig. 2C) . In contrast, at 30 min post-injection and extending to 15 h, ASN12 was observed in the neuropil in the frontal cortex of injected mice. Similar results were observed in the hippocampus (data not shown). These results suggest that following intravenous injection with the ASN12 protein; we are able to obtain physiological levels of human neprilysin in the CNS and the protein accumulated in the cortex and hippocampus of the brain, two regions primarily affected in Alzheimer disease.
ASN12 Efficacy in an APPtg Mouse-To determine whether delivery of the ASN12 recombinant protein is effective at reducing the accumulation of A␤, we utilized the tg2576 mouse model of Alzheimer disease purchased from Taconic, which has the APP Swedish mutation (APP695 gene containing the double mutation K670N and M671L) using the hamster prion promoter (21) . Based on data from the PK experiments, recombinant protein was administered every 72 h to retain physiological levels in the CNS. The 11-12-week-old female transgenic and nontransgenic littermate mice were intravenously injected by the tail vein with 1 mg/kg dose of either ASN12 or SN5 in a 100-l volume of saline. Control mice were injected with 100 l of saline. Blood was sampled weekly during the experiment. At the conclusion of the experiment, blood and CSF were sampled, mice were sacrificed, and whole brain was removed for analysis.
ELISA analysis of human neprilysin in the whole blood of treated mice showed significant levels of SN5 in both APPtg and non-tg mice across the study (Fig. 3A) . Levels of SN5 appeared to decline slowly over the course of the study with a 25% decline over the 3-week injection period. In contrast, low levels of ASN12 were detected in the whole blood of either APPtg or non-tg treated mice across the whole study (Fig. 3A) . These levels also appeared to decline slightly over the course of the treatments.
Brain homogenates of APPtg-and non-tg-treated mice only showed accumulated human neprilysin in those mice that received the ASN12 recombinant protein (Fig. 3B ). The level of ASN12 was higher in APPtg mice similar to previous results observed following lentiviral vector delivery of the gene for ASN in APPtg mice (14) . At the conclusion of the 3-week dosing regimen and 3 days after the last injection, ASN12 levels in APPtg mice were ϳ200 pg/mg of brain homogenate, similar to levels observed 24 and 48 h after i.v. delivery of the protein in the PK study. Immunohistochemical analysis of mice that received the ASN12 protein showed recombinant protein accumulated in the brain and co-localizing with the neuronal marker, MAP2 (Fig. 3C) . injections of ASN12 or SN5 (1 mg/kg) or saline every 3 days for 3 weeks. A, 3 days after the last injection, whole blood was sampled and assayed for human neprilysin with an ELISA. Mice were sacrificed, and whole brains were removed half-frozen for protein analysis and half-fixed for tissue section immunohistochemistry. B, brain homogenates were assayed for human neprilysin with an ELISA. C, brain sections were stained for human neprilysin (green), the neuronal marker MAP2 (red), and counterstained for nuclei (DAPI, blue). * indicates ANOVA p Ͻ 0.05 compared with mice that received SN5. Arrows indicate co-localization of neprilysin with the neuronal marker MAP2. Scale bars ϭ 7 m. Arrows highlight cells staining for neprilysin. n ϭ 5 for each group.
Intraneuronal A␤ may play a role in neuronal dysfunction and degeneration by disturbing ERK-cAMP-response elementbinding protein signaling and increasing intracellular calcium levels (30) . The tg2576 APPtg mouse showed elevated levels of intraneuronal A␤ that was ameliorated by treatment with the ASN12 protein but not with saline or SN5 protein treatment (Fig. 4, A and B) . Three weeks of treatment were sufficient to reduce the intracellular levels of A␤ by 60% as measured by both 4G8 and 82E1 antibodies against A␤. The pyroglutamate modified A␤ fragments play a significant role in the pathogenesis of Alzheimer's disease, and these too were significantly reduced following treatment with ASN12 as measured with the D129 antibody (Fig. 4, A and B) .
A␤ accumulation has been reported to reduce synaptic density in neurons prior to neuronal death. Similar to other APPtg mouse lines, the tg2576 line shows decreased neuronal dendritic MAP2 staining (31) and synaptic synaptophysin staining (Fig. 4, A and B) (32) . Treatment with ASN12 prevented the loss of the MAP2 and synaptophysin staining although neither the SN5 nor saline treatment showed significant improvement (Fig.  4, A and B) . In fact, treatment with ASN12 was sufficient to restore MAP2 and synaptophysin to wild-type mouse levels. The tg2576 also displays increased astrocytosis as shown by increased GFAP staining. Treatment with either SN5 or ASN12 prevented or reduced the astrocytosis observed in this mouse model of AD (Fig. 4, A and B) .
Toxicity-Neprilysin has been shown to cleave NPY (13), which is a known regulator of appetite (33). To determine whether increased soluble neprilysin would affect appetite of treated mice, animals were weighed prior to treatment and weekly during treatment. There was no significant change in weight between groups of treated or untreated mice suggesting neprilysin had no effect on appetite (Fig. 5A) . Additionally, during the treatment, three mice died during injection of recombinant protein (Fig. 5B ). Two mice died receiving ASN12 injection with one mouse an APPtg and the other a non-tg. One additional mouse died following SN5 treatment, a non-tg mouse. All three mice died shortly after injection, and it is believed the cause was the repeat i.v. injection in the tail vein possibly releasing a previous clot that led to cardiac failure. Necropsy of the mice that died following treatment did not reveal any obvious signs of internal trauma, hemorrhaging, or necrosis of internal organs.
The recombinant proteins (ASN12 and SN5) are based on the human neprilysin gene with the addition of the human 38-amino acid apoB LDLR binding domain to the ASN12 protein. To determine whether mice generated neutralizing antibodies to the recombinant protein, whole blood was used to detect recombinant ASN12 following a Western blot protocol. A total of two of the 20 mice that received intravenous injections generated an antibody response to the recombinant protein (Fig. 5C ). The two mice both received the SN5 recombinant protein with one mouse an APPtg and the other a non-tg.
ASN12 Reverses Memory Deficits in the APPtg Mouse-To corroborate the results observed in the APPtg tg2576 mouse line, similar experiments were completed with a separate APPtg mouse model. APPtg mice used in these studies express human APP751 under the control of the mThy-1 promoter (mThy1-human APP751; Line41) (22, 23) .
The Line41 APPtg and non-tg mice used in this study were injected twice weekly by intraperitoneal injection at 1 mg/kg for 3 weeks. Because these mice were subjected to the Morris water maze test for learning and memory after the final injection, the analysis of tissues did not occur until 10 days after the final injection. Immunohistochemical analysis of the hippocampus showed recombinant protein taken up by MAP2-positive neuronal cells in both APPtg and non-tg mice ( Fig. 6A and B) . Although a few APPtg mice showed some SN5 protein uptake, this was only slightly above background and is consistent with the previous result observed with viral vector delivery to the periphery (14) . In contrast, intraperitoneal delivery of the ASN12 protein results in significant co-localization of recombinant human neprilysin with neurons in the hippocampus (Fig. 6, A and B) in both APPtg and non-tg mice. Similar results were observed in the cortex.
The ASN12 protein is targeted to the LDLR on endothelial cells of the blood-brain barrier for transport to the CNS; however, LDLR are also expressed on astrocytes and neurons (34) in the brain. To determine whether these cells in the brain take up the brain-targeted neprilysin, we performed immunohistochemical co-localization analysis. ASN12 protein co-localized with the neuronal marker NeuN in the Line41 mice consistently showing a distinct cytoplasmic staining pattern (Fig. 7A) . Approximately 15% of NeuN-positive neurons stained positive for the ASN12 protein (Fig. 7B) . In contrast, very little recombinant ASN12 protein was observed co-staining with astrocytes ( Fig. 7, C and D) .
The Line41 APPtg mice show increased intraneuronal A␤ (35) , decreased dendritic neuronal staining, MAP2 (23), and synaptic staining (synaptophysin) (22) , as well as increased astrocytosis (GFAP) (Fig. 8, A and B) (23) . Treatment of the Line41 APPtg mice with ASN12 significantly reduced intracellular A␤ and pyroglutamate-modified A␤ to wild-type levels and restored levels of MAP2 and GFAP (Fig. 8, A and B) . In contrast to the tg2576 line, SN5 was unable to reduce astrocytosis (GFAP) in the Line41 APPtg mouse model (Fig. 8, A and  B) . Also in contrast to tg2576 where treatment with ASN12, but not SN5, restored synaptophysin levels, treatment of the Line41 APPtg with either ASN12 or SN5 was able to restore the levels of synaptophysin levels of staining in the APPtg mouse (Fig. 8, A  and B) . This may reflect differences in physiology between the two strains or differences in the stress of the expression patterns the APP transgene puts on the system.
We have previously shown that neprilysin can cleave NPY at Tyr-20 and Leu-30 to produce the C-terminal fragment of 21-36 and 30 -36 residues (13) and that these fragments are neuroprotective. To determine whether the peripherally delivered ASN12 would cleave full-length NPY in the brain, we examined the subgranular zone of the hippocampus by immunohistochemistry with an antibody that specifically recognizes the C-terminal fragment of neprilysin-cleaved NPY (CT-NPY). The Line41 APPtg mice showed a significant reduction in NPY C-terminal fragments compared with non-tg controls (Fig. 9, A  and B) . Treatment of the Line41 mice with ASN12 for 3 weeks restored levels of the C-terminal NPY fragment to wild-type levels, whereas treatment with SN5 or saline did not (Fig. 9, A  and B) . In contrast, full-length NPY was not altered in the . ASN12 transits to the CNS following intraperitoneal delivery to the Line41 APPtg mouse. Line41 APPtg and non-tg mice received intraperitoneal injections of ASN12 or SN5 (1 mg/kg) or saline twice weekly for 3 weeks. A, 10 days after the last injection, mice were sacrificed, and whole brains were removed half-frozen for protein analysis and half-fixed for tissue section immunohistochemistry. B, brain sections were stained for human neprilysin (green), the neuronal marker MAP2 (red), and counterstained for nuclei (DAPI, blue). * indicates ANOVA p Ͻ 0.05 compared with mice that received SN5. # indicates ANOVA p Ͻ 0.05 compared with non-tg mice that received ASN12. Arrows indicate co-localization of neprilysin with the neuronal marker MAP2. Scale bars ϭ 7 m. Arrows highlight cells staining for neprilysin. n ϭ 5 for each group. FIGURE 7. ASN12 is taken up by neurons in the CNS of the Line41 APPtg mouse. Line41 APPtg and non-tg mice received intraperitoneal injections of ASN12 or SN5 (1 mg/kg) or saline twice weekly for 3 weeks. A, brain sections were stained for human neprilysin (red), the neuronal marker NeuN (green), and counterstained for nuclei (DAPI, blue). B, quantitation of % co-localization of neprilysin and NeuN staining. C, brain sections stained for neprilysin (red), the astrocytic marker GFAP (green), and counterstained for nuclei (DAPI, blue). D, quantitation of % co-localization of neprilysin and GFAP staining. * indicates ANOVA p Ͻ 0.05 compared with mice that received SN5. Arrows highlight cells staining for neprilysin. Scale bars ϭ 7 m. n ϭ 5 for each group.
Line41 APPtg mouse nor was expression of the NPY Y2 receptor ( Fig. 9, A and B) .
We recently showed a significant reduction in neurogenesis in the Line41 APPtg mouse (28, 36) . To determine whether delivery of the recombinant human neprilysin to the brain altered the neurogenesis in the subgranular zone of the dentate gyrus of the hippocampus, Line41 APPtg and non-tg mice were examined by immunohistochemistry for the neurogenesis marker, DCX, and PCNA. Cells staining for either or both of these markers would indicate proliferating neurons in the area known for neurogenesis. Line41 APPtg mice contained significantly fewer DCX-(50%) and PCNA (25%)-stained cells in the subgranular zone of the dentate gyrus (Fig. 10, A and B) . In contrast, treatment with the ASN12 human neprilysin protein restored levels of DCX and PCNA staining to levels observed in wild-type non-tg mice, whereas treatment with SN5 did not (Fig. 10, A and B) . This indicates that treatment of APPtg mice with the ASN12 protein therapeutic restored the neurogenic environment to allow neurogenesis to occur at a rate similar to that observed in non-transgenic wild-type animals.
The alterations in synaptic markers in APPtg mice have been associated with memory and learning deficits beginning at 3-6 months of age as measured in the Morris water maze (23) . To determine whether treatment with ASN12 could ameliorate these deficits, APPtg mice were tested 1 week after the final intraperitoneal injection of either ASN12, SN5, or control saline. During the training period of the test, all groups of mice performed similarly at locating the visible platform after 3 days of testing. In the subsequent days of testing (days 4 -7) with the platform submerged, non-tg mice located the platform in the water pool, with progressively shorter path distances over time (Fig. 11A) . Compared with non-tg controls, APPtg mice that received saline injections did not show improvements in the spatial learning with the submerged platform (Fig. 11A) . Similarly, the APPtg treated with SN5 protein displayed poor performance locating the hidden platform (days 4 -7) (Fig. 11A) . In contrast, APPtg mice that received the ASN12 protein were able to learn the location of the hidden platform significantly faster and at a rate similar to non-tg mice (Fig. 11A) . Similarly, during the final probe test, APPtg mice that received the ASN12 protein spent significantly more time in the target quadrant than APPtg that received saline SN5 protein or saline injections (Fig. 11B ).
DISCUSSION
Development of new and novel therapeutic approaches for AD is of fundamental importance. Recent clinical failures of several high profile therapeutics highlight the need for new approaches (37) . Although the reason for these recent failures is not clear, one possibility is the poor transport of molecules and proteins to the CNS, the site of action of A␤ accumulation in AD (38) . We have developed an approach for delivery of protein therapeutics to the CNS by targeted transport across the bloodbrain barrier (20) . In this study, we examined this approach for delivery of the A␤-degrading enzyme, neprilysin. We found that the brain-targeted neprilysin (ASN12) accumulated in the brain with a half-life of ϳ24 h. When delivered by intravenous injection to APPtg mice, the ASN12 protein was able to increase levels of the synaptic protein, synaptophysin, decrease intracellular A␤, and improve learning and memory. This is the first report to show this brain-targeted approach is effective for delivering recombinant proteins to the CNS while also increasing neurogenesis.
Neprilysin is a membrane-bound endo-peptidase that is found in the CNS at the plasma membrane, axonal processes, and synapses of neurons (39) . The neprilysin used in this study has had the trans-membrane domain removed. The protein has been further modified with the addition of a secretory signal and the apolipoprotein B LDLR binding sequence. The apoB sequence facilitates binding to and transport with the LDL receptor at the blood-brain barrier (20) . The LDLR receptor is also highly expressed in the liver and the spleen as well as bloodcirculating macrophages (40) . Single-dose administration of the apoB-neprilysin protein resulted in significant accumulation in the liver as would be expected (20) . Previous investigation of LDLR targeted recombinant proteins has shown uptake in spleen and muscle (20) . These organs were not examined in this study; however, ASN12 protein would be expected to accumulate in spleen and muscle. Neprilysin is expressed in numerous tissues, including kidney, lung, and brain (41) , and is involved in the degradation of many immune and neuronal signaling molecules (4) . Increased accumulation of neprilysin is not expected to cause pathology in these tissues as increased expression by transgenesis (42) , viral vector gene delivery (14, 35, (43) (44) (45) , or ex vivo cellular gene delivery (16, 17) has not shown overt pathology in the mouse nor has increased degradation of other known neprilysin substrates been reported. Thus, based on previous reports (13, 15) and the limited toxicity reported here, it appears that the increased soluble neuronal neprilysin does not exhibit any overt gross pathology.
We and others have reported that delivery of neprilysin to the brain can reduce the accumulation of A␤ in the APPtg mouse model (43) (44) (45) . Although this report relies on the fact that neprilysin is acting as a proteolytic enzyme to degrade A␤ in the brain, it cannot be ruled out that at least part of the beneficial effect of the LDLR targeted neprilysin is on the LDLR. Up-regulation of the LDLR has been shown to decrease CNS accumulation of A␤ in an APPtg mouse model (46); therefore, it is possible that binding of the ASN12 protein containing the apoB LDLR binding domain could effect an up-regulation of the LDLR at the blood-brain barrier, thus having the effect of transporting more A␤ out of the CNS. This potentially beneficial aspect of the recombinant protein requires more investigation.
Delivery of the ASN12 protein to the CNS was able to reduced intracellular A␤ as determined by several anti-A␤ antibodies. Immunohistochemical analysis of the recombinant protein in the brain co-localized the protease with neurons and only to a minor degree with astrocytes. Both neurons and astrocytes have been shown to express the LDLR (34), so it is not clear why there would be such a drastic difference in the observed co-localization. One possible explanation is differences in intracellular trafficking. The LDLR binds proteins on the cell surface for endocytosis and targeting to the autophagy pathway (47) . It may be that this pathway is different or proteins are degraded faster in astrocytes, so little is left to observe. In a previous study we showed that microglia take up ApoBSecNep (14) . Further investigation is needed to determine the extent of the contribution of protein uptake and site of proteolytic cleavage.
Examining the distribution of ASN12 24 h after i.v. injection is crucial in this study. The control protein SN5 is detected in whole brain homogenates up to 24 h after injection. This is probably due to protein circulating in the blood vessels of the brain. Immunohistochemical examination of the brains of mice that received the SN5 protein showed recombinant neprilysin in structures that resemble vessels but not in neuronal cell bod-ies. The t1 ⁄ 2 of SN5 in the blood was 7.5 h, and at 24 h less than 0.3% of the injected dose was in circulation. Indeed, recombinant neprilysin detected in whole brain homogenates from mice treated with SN5 at 24 h shows 3.6 pg/mg brain tissue. Thus, the measurement of neprilysin in whole brain homogenates following ASN12 injection of 840 pg/mg brain tissue is a more reliable measure of protein that has accumulated in the brain. In fact, 24 h after ASN12 i.v. injection, the percentage of injected dose in the brain remains at 1.70%, although in the blood it is only 0.29%. A similar analysis of recombinant iduronate 2-sulfotase fused to the transferrin receptor found ϳ1.5% uptake in the brain 1 h after i.v. delivery (48) . This study included a PBS perfusion of the mice prior to examination of the brain protein, so this figure is likely reliable at this early time point. A thorough analysis of the ASN12 protein at 60 min after injection would probably find a much higher percentage accumulation in the brain.
Treatment of APPtg mice with ASN12 resulted in a significant reduction in intracellular A␤. Several studies have shown that intracellular A␤ could be deleterious (30, 35, 49 -51) by triggering an aberrant signaling via cAMP-response elementbinding protein (52) . Supporting this possibility, previous studies have shown that neprilysin ameliorates the deficits in the fly (53) and rodent models (35) by diminishing A␤ from the intracellular compartment. Although ASN12 is primarily extracellular, it is not clear if this is capable of degrading A␤, and this shifts the equilibrium of A␤ from the intracellular space to the extracellular space, thus reducing the intracellular accumulation of A␤ indirectly. Alternatively, the 38-amino acid apoB LDLR binding domain can bind to the LDLR and trigger endocytosis through the ESCRT-mediated pathway for delivery to the multivesicular body for transport to the autophagosome (data not shown). This compartment and pathway may be another mechanism for intracellular A␤ degradation by ASN12.
Delivery of neprilysin to the CNS and in particular the hippocampus appeared to increase the C-terminal fragment of NPY and increase neurogenesis. The increase in C-terminal NPY fragment is probably directly attributable to increased neprilysin as we have previously shown that NPY can be cleaved by neprilysin to form these 21-36 and 30 -36 C-terminal fragments (13) . NPY C-terminal fragments bind preferentially to NPY Y2 receptors, which are important for learning and memory in the hippocampus and are expressed specifically in the dentate gyrus (54) . This may help to account for the improvements in learning and memory observed in the Line41 APPtg mice. Another effect of increased NPY 21-36 and 30 -36 C-terminal fragments may be to increase learning and memory through increased synaptic protection. Addition of NPY C-terminal fragments to primary neurons in the presence of A␤ prevents the loss of synapses in culture (13) . We found that delivery of the ASN12 protein to the CNS ameliorated the loss of synaptic staining in the hippocampus of APPtg mice. The increased synaptic staining could be due increased NPY 21-36 and 30 -36, decreased A␤, or more likely a combination of the two.
In contrast, the improvement in neurogenesis probably cannot be directly attributed to the increase in neprilysin in the subgranular zone of the dentate gyrus. The NPY C-terminal fragment binds specifically to the NPY Y2 receptor and not the NPY Y1 receptor that is expressed preferentially on the neural progenitor cells (55) . Dysregulation in neurogenesis in Alzheimer disease has been controversial with some reporting an increase (56 -58) and others reporting a decrease (28, 36, 59 -63) in neural progenitor cells in humans and APPtg mice. We have shown specifically in the Line41 APPtg mouse a decrease in neurogenesis (28, 36) , and we linked this to an increase in BMP6 protein levels in the hippocampus (36) . It is not clear how neprilysin is increasing neurogenesis in the subgranular zone; however, we cannot rule out the fact that neprilysin may be decreasing the expression of BMP6 in the hippocampus or may be activating some neurogenic growth factor. Alternatively, the increase in neurogenesis may be due to a decrease in A␤ in the subgranular zone; which provides an improved environment for neurogenesis. Thus, delivery of neprilysin to the hippocampus in general may provide an indirect mechanism for increased neurogenesis by improving the environment.
The results presented here are favorable for continued exploration of the brain-targeted neprilysin for clinical trials with repeated infusions of the recombinant protein. The only limit to repeat injections in this study was the potential for the generation of antibodies to recombinant protein. The human neprilysin is 91% identical to the mouse cDNA. Antibodies were only detected in mice that received the SN5 protein suggesting that the apoB LDLR binding domain was not sufficiently immunogenic to generate an antibody response on its own. Thus, although human antibody generation against the recombinant protein remains possible, these results suggest the risk is small. Extrapolation of the mouse data using allometric scaling suggests the ASN12 brain t1 ⁄ 2 of 24 h in the mouse brain would equate to a t1 ⁄ 2 of 8 days in the human (64) . Therefore, a repeat i.v. treatment could be performed at a minimum of once weekly and maybe even once monthly. In summary, a recombinant anti-A␤ protein therapeutic that is transported across the blood-brain barrier may be a feasible, noninvasive therapeutic option for treatment for Alzheimer disease.
